Abstract. To quantify the demographic effects of food quality, and specifically of the 'poor-quality' cyanobacterium Anabaena flos-aquae, we reared individual Boeckella triarticulata (Copepoda, Calanoida) on two diets (monospecific Cryptomonas sp. versus mixed Cryptomonas-Anabaena diets) and quantified individual growth and developmental trajectories by examining exuviae produced at each molt, from hatching to maturity. Size at molting was less variable among individuals, within and between diets, than age. Food quality had significant effects on male sizes at molting and on stagespecific daily growth rates of both sexes; these effects were strongest during late naupliar and all copepodite stages. The mixed Cryptomonas-Anabaena diet significantly slowed development, particularly of copepodite stages. As a consequence of these effects, individuals raised on the mixed diet were smaller and older at maturity. Within a given diet, individual differences explained much, if not most, of the variation exhibited in growth and development. By following growth and development of a large number of individuals throughout their life cycles, we show that individual females produce variable offspring, indicative of a bet-hedging life-history strategy, and that Rtnarticulata (like other calanoids) can grow, develop and survive on diets that include 'poor quality' cyanobacteria.
Introduction
Growth and development have important effects on life-history strategies, population dynamics and secondary production, as they interact to determine an individual's size and age at particular life cycle transitions (e.g. metamorphosis and maturity), rates of recruitment and of biomass accumulation. For many ectotherms, temperature and food are the primary environmental factors affecting growth and developmental rates. Mean developmental times increase hyperbolically as temperature declines, and when food supplies are inadequate, many organisms grow and develop slowly, survive poorly, achieve smaller sizes and produce few offspring (e.g. Price, 1985) . As a consequence, population sizes decline and organisms may disperse (e.g. Dingle, 1972) or enter resting stages (e.g. Stewart et aL, 1967; Rolley et aL, 1974; Istock et al, 1975; Tauber et aL, 1986; Santer, 1991) . These general responses are complicated by extensive individual variation in growth and development rates (e.g. Burdon and Harper, 1980; Bamstedt, 1988) . Understanding the effects of growth and development on life-history strategies, population dynamics and secondary production requires information on the extent and nature of individual variation, as well as on the effects of environmental variables on mean rates Growth and development have been studied extensively among aquatic invertebrates, particularly zooplankton. Data on these two processes in copepods are limited to population mean values, primarily for late copepodite stages, as individual growth and developmental rates are difficult or impossible to measure (particularly for naupliar stages; e.g. Thompson, 1982; Hart, 1990; van den Bosch and Gabriel, 1994) . In copepods, mean developmental times and stage durations decrease with increasing temperatures and over a range of food concentrations (e.g. Weglenska, 1971; Heip, 1974; Vidal, 1980a,b; Santer and van den Bosch, 1994) , and adult body sizes increase with increasing food concentration (e.g. Santer, 1994) . Food quality also affects growth and development, although its effects have been less well studied than those of food quantity. Poor food quality reduces molting frequencies (Mullin and Brooks, 1970; Paffenhofer, 1970; Huntley et al, 1987; Vijverberg, 1989) , decreases growth rates and body sizes (e.g. Xu and Burns, 1991) and, if poor enough, can prevent growth and development completely (Huntley et al, 1987; Xu and Burns, 1991; Hart and Santer, 1994) . Because copepods have longer generation times than most other zooplankton taxa, both the quantity and the quality of food available are likely to change over an individual's life cycle. In addition, successive developmental stages may differ in food requirements (Santer, 1994; Hansen and Santer, 1995) . Thus, food quality, as well as food quantity, has important consequences for copepod growth and development.
Food quality for primarily herbivorous zooplankton is assessed most often by physical (size and shape) and chemical (nitrogen, carbon, protein or lipid contents) characteristics of the algae or by short-term response parameters such as rates of ingestion or selection (reviewed by DeMott, 1990; Vanderploeg et al, 1990) . Algal species that have high levels of essential biochemical constituents and that are selected readily or ingested at high rates are considered to be of high quality, while low-quality algae are usually those ingested at low rates or avoided (except at low food levels), and that are low in carbon, nitrogen or other major compounds (e.g. Butler et al, 1989; DeMott, 1989) .
From a demographic perspective, assessment of food quality based on these criteria, and particularly on short-term feeding responses, is informative only if the resulting 'high-quality' algae sustain growth and development throughout an organism's life cycle, and support reproduction. Recent consideration of the demographic consequences of food quality has yielded some surprising results. Algal species considered to be of high quality, based on their ingestion or selection by copepods, have sometimes proven inadequate for juvenile growth and development (Hart and Santer, 1994) or for adult survival and reproduction (Chen and Folt, 1993) . In contrast, some copepods grow, develop and reproduce (e.g. Burns and Xu, 1990a; Xu and Burns, 1991; Santer, 1994) on phytoplankton that are usually considered to be of low quality, such as cyanobacteria (e.g. Porter and McDonough, 1984; Fulton and Paerl, 1987; Lampert, 1987) .
Copepods often ingest substantial quantities of cyanobacteria in the field (reviewed by Haney, 1987) and in the laboratory (e.g. Burns and Hegarty, 1994) . Calanoid copepods of the genus Boeckella, common in lakes throughout New Zealand, persist during dense cyanobacterial blooms and may be particularly able to ingest, assimilate, grow and and reproduce on cyanobacteria (Burns et al, 1989; Burns and Xu, 1990b; James and Forsyth, 1990) . However, naupliar and copepodite growth and development in the laboratory were severely limited when individuals were raised on monospecific cyanobacterial diets (Xu and Burns, 1991; Santer, 1994) . Thus, the demographic consequences of cyanobacteria are uncertain, particularly when this 'poor-quality' food is ingested together with other algal species (as it would be in the field).
Effects of food quality on A triarticulata
We designed the current study to determine the effects of food quality on growth and development over the entire life cycle of the freshwater calanoid copepod Boeckella triarticulata Thomson. We reared individuals on two diets: one consisting solely of the high-quality (e.g. Chen and Folt, 1993; Hart and Santer, 1994) alga Cryptomonas sp. and the second consisting of a combination of Cryptomonas sp. and the low-quality (Xu and Burns, 1991) cyanobacterium Anabaena flos-aquae. We used a new technique, which we call exuvium analysis (Twombly and Bums, 1996) , to quantify individual growth and developmental trajectories. The resulting data allowed us to quantify the effects of food quality on individual growth and development (age and size at successive stages, instar durations, stagespecific growth rates) from birth to maturation, and to examine the extent and nature of variation in these important processes.
Method
Ovigerous female B.triarticulata were collected from Saddle Hill Quarry Pond, 20 km west of Dunedin, New Zealand, isolated in -30 ml spring water, and kept at 15°C and 14:10 h light:dark photoperiod. Females were observed approximately every 12 h until their eggs hatched. Eleven newborn nauplii from each of five sibships were reared on each of two diets: (i) log phase Cryptomonas sp. at a concentration of 0.4 mg dry weight (DW) I" 1 (henceforth referred to as CR), and a combination of Cryptomonas sp. and A.flos-aquae (1:1 by DW) at the same concentration (i.e. 0.2 mg DW H of each species, referred to as C-A). Nauplii were reared individually in plastic vials containing 15 ml of a mixture (1:1) of modifed MBL medium (Stemberger, 1981) and spring water, at 15°C and 14:10 h photoperiod. Boeckella triarticulata inhabits shallow lakes and ponds where it commonly achieves high densities and readily forages on settled material. Our rearing conditions (15 ml standing water without constant resuspension of cyanobacteria) were appropriate for this copepod, although they may not be for other species living in different ecological conditions. All individuals were examined daily for shed exuviae using a stereomicroscope with darkfield illumination at 15-40 X. Exuviae were measured at 100 X (Nl-CI) or 40 X (CII-CV) under a compound microscope using a calibrated ocular micrometer; they provided a quantitative record of individual growth and development, from birth to maturity. The lengths of naupliar exuviae were measured from the anterior mid-dorsal margin to the base of the caudal spines, and lengths from the anterior to mid-dorsal posterior margins of the prosome (cephalothorax) were measured for all copepodite exuviae. The developmental stage of each exuvium was verified at measurement.
Food and medium were replaced every second day. When nauplii metamorphosed to the first copepodite stage, food concentrations were increased to 1.2 mg DW I" 1 ; food concentrations were increased again, when animals reached maturity, to 2.0 mg DW H (Burns and Xu, 1990b ; C.W. Burns and B.Hegarty (unpublished) determined this concentration to be above the incipient limiting concentration for adult B.triarticulata). These food concentrations are higher than those required by many marine copepods (e.g. Mullin and Brooks, 1970; Paffenhofer and Harris, 1976; Vidal, 1980a,b) , but similar to levels necessary for development and reproduction in other freshwater copepods (e.g. T6th and Kato, 1996) . Adult copepods were reared in 30 ml water. Microscopic observations when medium and food were changed confirmed the presence of excess food for adults, assuring that they were never food limited.
Cryptomonas sp. stock cultures were maintained in modified MBL medium (Stemberger, 1981) at 20°C in dim light at 12:12 h light:dark cycle; A.flos-aquae cultures were grown in WC medium (Guillard and Lorenzen, 1972) and kept at ambient temperature and photoperiod. Algal stock concentrations were determined turbidimetrically and translated to DW per liter using a previously determined DW regression. Appropriate volumes of each algal stock culture were added to culture medium (modified MBL medium and spring water) to obtain the final food concentration required, depending upon individual developmental stage.
Statistics
Our data on growth and development consisted of sequential measurements of size and age at successive molts, on each of 55 individuals (11 nauplii from five sibships), raised on two separate diets. Size and age were log 10 transformed to equalize variances. Age and size at each molt, together with the derivative parameters of stage duration (time in days between two successive molts) and stage-specific daily growth rates (change in size between two successive molts divided by stage duration), were analyzed using repeated measures multivariate analysis of variance (MANOVA), in which the response variable (size, age, duration, growth rate/day) for each stage was treated as a separate dependent variable. Multivariate analysis was chosen for repeated measures data because the assumption of circularity (evaluated by Mauchly's criterion for sphericity) was not met (von Ende, 1993) . MANOVA was followed by profile analysis to examine the patterns of response between diets and among sibships (von Ende, 1993) . Hypotheses concerning the 'flatness' of the response variables were relatively unimportant in analyses of age and size, as all individuals increased in size or age with each successive stage and response curves always had highly significant slopes. The 'flatness' of the response of stage durations and stage-specific growth rates over successive stages was more interesting and allowed us to test the hypothesis that instar durations or daily growth rates are constant over the entire life cycle. We were also interested in hypotheses concerning the shape or parallelism of the response curves. When stage-diet interaction terms in MANOVA analyses were significant, profile analysis was used to identify those stages where diet had the largest effects. For profile analysis, we examined differences in size and age between three naupliar stages (N2, N4, N6) and three copepodite stages (CI, CIII, CV) rather than all 11 stages, and adjusted the resulting significance levels accordingly (a = 0.05/4 = 0.0125). Profile analysis of instar durations involved pairs of all successive developmental stages; for analysis of growth rates, contrasts included N3-N6 and CII-CV stages. All significance levels were adjusted accordingly (von Ende, 1993 ). Analysis of variance was then used to identify sources of variation (diet, sibship, diet-sibship interaction) in stage-specific contrasts.
Females and males were analyzed separately in repeated measures analysis of age, size and stage durations, as exploratory paired /-tests revealed significant differences in these parameters between sexes for older copepodite stages. Sexes did not differ in stage-specific growth rates, and females and males were combined for this analysis. Growth rate analysis included only stages N3-N6 and CII-CV. We did not find Nl exuviae for all individuals, as the duration of the first naupliar stage is very short and many individuals had already molted to the N2 stage before we separated newly hatched nauplii into vials. As a result, we could not calculate growth rates for N2 individuals. We also could not calculate CI growth rates because we measured body length for N6 stages and prosomal lengths for CI stages.
In addition to repeated measures, mixed-model ANOVAs were used to examine sources of variation (diet, sibship, diet-sibship interaction) in age and size at metamorphosis (N6 molt) and maturity (CV molt). We calculated variance components for each random effect (sibship, sibship-diet interaction, and the error term or individual variation) to determine the contribution of individual variation to the variation documented in each parameter. Females and males were analyzed separately. The relationship between age or size at metamorphosis and age or size at maturation was investigated using Pearson product moment correlations. Statistical Analysis Systems (SAS) procedures were used for all statistical analyses (SAS Institute, 1985) .
Results
Eleven percent (or six individuals) of the nauplii initiated in each diet died before maturity, and we followed the growth and development of the remaining individuals. Not all exuviae, for all stages of all of the surviving individuals, were recovered, and most of our statistical analyses were based on those individuals for which we had complete growth trajectories (n = 46 for CR; n = 47 for C-A; Figures  1 and 2) . In both diets, most or all pre-adult mortality (83% for CR, 100% for C-A) occurred during copepodite stages, and primarily during the CI stage.
Growth
Two aspects of growth were analyzed: size at a given molt and the rate at which a particular size was achieved (stage-specific growth rates). Size at successive molts, averaged over all individuals in a diet, showed limited variation (Table I ; coefficients of variation 3-6% with one exception) and was equally variable between diets. This limited size variation, particularly in comparison with age (see below), suggests that molting is size determined in this species.
The trajectories in Figure 1 show that individuals responded differently to identical rearing conditions. The most marked variation was exhibited by individuals reared on C-A: although growth to metamorphosis (N6 molt) was fairly uniform, growth achieved during the copepodite stages differed among siblings (nauplii from the same clutch) and over all individuals reared on this diet. Diet had a significant effect on male size at molting (F = 3.45, P = 0.012), and profile analysis identified the early copepodite stages (CI-CIII contrast, F = 7.74, P = 0.OO8) as the stages during which this effect was largest. The effect of diet on female sizes was only marginally significant (F= 2.59, P = 0.04) and profile analysis was not performed for females There was no significant interaction between diet and sibship for either gender. Mean stage-specific growth rates averaged over all individuals raised on a given diet and coefficients of variation are shown in Table II . Growth rates were highest for CIII and CIV stages, and declined for the CV stage; extensive individual variation in growth rates is reflected in the large (>25%) coefficients of variation. Sexes were pooled for repeated measures analysis of growth rates (n = 92), which showed that growth rates varied significantly among stages (F-88.53, P = 0.0001) and that diet affected growth rates (F = 6.38, P = 0.0001). Sibship also affected growth rates (F = 3.80, P = 0.0001), primarily because individuals from sibship 4 had lower growth rates than those from other sibships. There was, in addition, a significant interaction between diet and sibship over all stages (F= 1.72, P = 0.03). Profile analysis of specific contrasts showed that diet had a significant effect Tabk IL Mean stage-specific growth rates (fun day 1 ) and coefficients of variation (%, in parentheses) for successive stages of B.triarticulata raised on CR (n = 45) and C-A (n = 47) diets Kg. 1. Growth trajectories for individual B.triarticulata from five sibships reared on two separate diets: Cryptomonas sp. alone (CR) and a 1:1 combination ol CR and A.flos-aquae (C-A). Each trajectory tracks the size an individual achieved at successive molts, over time (in days post-hatching). Total lengths of naupliar exuviae and prosomal lengths of copepodite exuviae were measured; this difference accounts for the apparent discontinuity (or step) in each growth trajectory.
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(adjusted a = 0.05/6 = 0.008) on late (N5-N6) naupliar stages (F = 8.22, P = 0.005) and copepodite stages CII-CIV (F = 10.45, P = 0.002). Both females and males raised on C-A were significantly smaller at maturity (CV molt) than individuals raised on CR (F= 7.25, P = 0.01 for females; F= 5.7, P -0.02 for males). Sibship accounted for a significant amount of size variation at metamorphosis in both sexes and for male size at maturity; the diet-sibship interaction was insignificant in all cases. Variance component analysis showed that a substantial portion of size variation at metamorphosis and maturity was explained by individual differences (the error term; Table III ). Size at metamorphosis was inversely, but insignificantly, correlated with size at maturity for individuals reared on both diets (r = -0.05, P = 0.74, n = 43 for CR; r = -0.22, P = 0.13, n = 46 for C-A). This result indicates that any size advantage achieved by metamorphosis was not maintained throughout the life cycle, and that growth patterns during the copepodite (juvenile) phase differed from those exhibited earlier in the life cycle (among naupliar stages; see Figure 1 ).
Development
Age at a given molt was always more variable than size (Table IV; coefficients of variation 8-16%), for all stages after the second naupliar stage, and this variation was fairly uniform over all stages. Females and males at maturity (CV molt) reared on C-A exhibited the most variation in age. This variability is reflected in the resulting developmental trajectories (Figure 2 ): individuals within a sibship and treatment varied in age at each successive stage. For example, individuals from sibship 1 that were reared on C-A ranged from 15 to 26 days old at the penultimate copepodite stage (CIV molt). As with growth, developmental trajectories diverged most among older, copepodite stages.
Repeated measures MANOVA showed significant effects of diet on age at molting in both sexes (females: F = 4.69, P = 0.003; males: F = 8.93; P = 0.0001), as well as a significant effect of sibship on males (F= 5.57, P = 0.0001). Profile analysis for both sexes showed an effect of diet on development over all copepodite stages (females: CI-CIII contrast F =7.93, P = 0.008 and CIII-CV contrast F= 10.20, P = 0.003; males: CI-CIII contrast F= 17.22, P = 0.002 and CIII-CV contrast F -16.47, P = 0.0002), but not for naupliar stages. Sibship effects were highly significant (P = 0.0001) for all contrasts for males (i.e. throughout development), but were significant only for early naupliar stages (N2-N4) in females.
Stage durations were fairly uniform over all naupliar stages, although coefficients of variation for each stage were large (>30%; Table V). Stage durations were longer, but similar for the first three copepodite stages. The CV stage exhibited the longest duration. Durations of older copepodite stages raised on the CR diet were less variable (coefficients of variation 16-18%) than those for individuals reared on C-A (38-54% coefficients of variation). Repeated measures MANOVA showed that both diet (females: F = 3.25, P = 0.008; males F = 5.22, P = 0.0002) and sibship (females: F = 2.54, P = 0.0001; males: F = 2.60, P = 0.0001) affected stage durations, particularly for older copepodite stages (females: F = 3.93, P = 0.05; males: F = 7.87, P = 0.008).
Both females and males reared on C-A were significantly older at maturity than individuals reared on CR (F= 22.4, P -0.0001 for females: F=41.6, P = 0.0001 for males). Age at metamorphosis was positively and significantly correlated with age at maturity for individuals reared on CR (r = 0.66, P = 0.0001, n = 43): some individuals consistently developed more rapidly than others and the first Effects of food quality onB. triarticulata individuals to metamorphose were also usually the first to mature. Among individuals reared on the C-A diet, however, age at metamorphosis was not correlated with age at maturation (r = 0.17, P = 0.25, n = 46). Developmental trajectories of these individuals diverged after metamorphosis ( Figure 1 ) and variation in age at maturity increased (Table IV) , so that the first individuals to metamorphose were often not the first to mature.
Discussion
Food quality affected both growth and development among individual B.triarticulata in this study. The inclusion of the 'poor-quality' cyanobacterium, A.flosaquae, in a diet containing Cryptomonas slowed development and prolonged stage durations, so that individuals raised on the mixed diet were older at maturity than their siblings raised on Cryptomonas alone. Growth rates of individuals raised on the C-A diet were also reduced and these copepods were smaller at maturity than siblings raised on CR. The effects of diet were pronounced in older copepodite stages, but were usually not detected among nauplii. We found no effect of food quality on mortality or the pattern of mortality. Age at a given molt was always more variable than size, implying that development is more variable than growth. Coefficients of variation, growth and developmental trajectories, and variance components all indicated that individual variation for all parameters was substantial, and often the largest source of variation documented. Aspects of these results are discussed below.
Effects of food quality on growth and development
Reduced growth and delayed development exhibited by B.triarticulata fed on the mixed C-A diet indicate that this diet was of poorer quality, demographically, than the monospecific CR diet. Similar effects of poor food quality have been reported for a variety of other copepods raised on either unialgal or mixed diets (Mullin and Brooks, 1970; Paffenhofer, 1970; Huntley et al, 1987; Ban, 1994; Hart and Santer, 1994; Santer and van den Bosch, 1994; Hansen and Santer, 1995) . For example, Huntley et al. (1987) found rapid naupliar development and high survival of Calanus pacificus fed on several unialgal diets, while other algal species resulted in development and survival indistinguishable from that on filtered seawater. Effects of diet, in B.triarticulata as well as in other species, are more apparent on copepodite stages than on nauplii (Harris and Paffenhofer, 1976; Paffenhbfer and Harris, 1976; Vidal, 1980a,b; Santer and van den Bosch, 1994; Hansen and Santer, 1995) . Nauplii of B.triarticulata and of Boeckella hamata (S.Twombly and C.W.Burns, unpublished data) appeared less affected by food quality than older stages. Santer (1994) suggested that nauplii of Eudiaptomus gracilis avoided ingesting toxic Microcystis so that mortality rates on a mixture of Microcystis and Cryptomonas were low. Eudiaptomus gracilis nauplii fed a mixture otAnabaena and Cryptomonas survived well, suggesting some nutritional benefit of the cyanobacterium when offered as part of a mixed diet. In our study, B.triarticulata nauplii may have been less affected by a diet that included Anabaena because they avoided ingesting this species, because they derived adequate nutrition from the Cryptomonas portion of the diet alone, or because the negative effects of this cyanobacterium are ameliorated when offered in a mixed diet. In contrast to some other studies (e.g. Santer, 1994; Santer and van den Bosch, 1994) , we found nauplii to have lower food requirements than older developmental stages (see also Vidal, 1980a,b) . Taken together, these studies underscore the importance of food quality to copepod growth and development, and support the suggestion that food has a more important effect on these processes than temperature (Klein Breteler et al, 1982; Hart, 1990; Ban, 1994) .
We used data on age at molting to calculate individual stage durations, and to assess the effects of diet on stage durations. Stage durations were similar among all naupliar stages in each diet, increased but similar among the first three or four copepodite stages, and were prolonged for the last (CV, CR diet) or last two (CIV and CV, C-A diet) copepodite stages. Coefficients of variation were high (>20%) for all stages, indicating considerable individual variation, and were particularly high for the last (CV) stage for individuals reared on C-A. The resulting 'pattern' of stage durations in B.triarticulata does not conform particularly well to the 'general' pattern outlined by Landry (1983) for marine copepods (see also Peterson and Painting, 1990) : the first feeding naupliar stage (N2) was not prolonged in B.triarticulata, and naupliar stage durations were uniformly shorter than those of copepodite stages. Fryd et al (1991) reported unequal stage durations for Centropages hamatus and Ctypicus, and stage durations of Eurytemora affinis (determined by rearing copepods individually) varied depending on temperature and food concentrations (Ban, 1994) . The pattern outlined by Landry (1983) does not appear to apply to all copepods.
We limited our consideration of food quality in this study to one species of cyanobacterium, A.flos-aquae, and fed copepods a mixed diet consisting of a nontoxic strain of this organism and a nutritious alga. We chose this combination because cyanobacteria are typically considered poor-quality food for zooplankton (e.g. references in Lampert, 1987 ), yet many copepods readily ingest cyanobacteria in the field (e.g. Moriarty et al., 1973; Haney, 1987) and in the laboratory, even
Effects of food quality on B. triartiailata when offered together with Cryptomonas (Burns and Xu, 1990b; Burns and Hegarty, 1994) . Xu and Burns (1991) showed that a monospecific diet of A.flosaquae caused high mortality among both nauplii and copepodites, and prevented development in B.triarticulata [Santer (1994) found similar results for Eudiaptomus gracilis]. However, when raised on a mixed diet that included a cyanobacterium, B.triarticulata survived and reproduced (S.Twombly and C.W.Burns, unpublished data) as well as individuals raised on Cryptomonas alone, and negative effects of the cyanobacterium consisted of slower development and lower growth. A similar amelioration of negative effects of cyanobacteria when offered in mixed diets has been reported for cladocerans (Lampert, 1981; Holm and Shapiro, 1984) and rotifers (Gilbert and Durand, 1990) , as well as copepods (Santer, 1994) . Nauplii of Eudiaptomus gracilis did not metamorphose when raised on cyanobacteria alone, but developed to copepodites on mixed cyanobactena-Cryptomonas diets (Santer, 1994 ). Santer's data on mortality patterns suggest that cyanobacteria may, in fact, confer an advantage when provided in mixed diets: survival of nauplii on CR-Microcystis aeruginosa and CR-Anabaena variabilis diets was higher than when raised on CR alone. Whereas copepodites ingest large quantities of cyanobacteria in natural diets, the failure of monospecific cyanobacterial diets to promote naupliar growth and development in the laboratory has cast doubt on the ability of cyanobacteria to sustain copepod growth and development. Our results, and those of others, suggest that cyanobacteria, when consumed along with algae in field situations, may promote growth, survival and development, and may also enhance reproduction (Gilbert and Durand, 1990; S.Twombly and C.W.Burns, unpublished) in a diversity of zooplankton.
Individual variation
Quantifying individual variation in growth and development as a consequence of diet was a major focus of this study. Most examinations of copepod growth and development have relied on population mean values to estimate development (e.g. Vidal, 1980b; Peterson, 1986; Santer, 1994; Hansen and Santer, 1995) and to calculate stage-specific growth rates (e.g. Paffenhofer, 1970; Vidal, 1980a) , and have not emphasized individual variation. Peterson (1986) suggested that individual variation in developmental times increased with successive stages based on changes in slopes of the regression of percent-frequency of stage over time (days after hatching). Carlotti and Nival (1991) raised copepodites of Temora stylifera individually, and reported extensive individual variation in instar durations (coefficients of variation 20-68%), largely as a consequence of the co-existence of rapid and slow developers. We did not find that individual variation in age at molting (comparable to Peterson's measures) increased over successive stages; coefficients of variation were fairly uniform and increased only in later copepodite stages raised on C-A diet. Variation in stage durations in B.triarticulata was similar in magnitude to that recorded by Carlotti and Nival for T.stylifera, although never as large as 68%. In addition to these studies, Twombly (1993 Twombly ( , 1995 Twombly ( ,1996 found that individual differences in age and size at metamorphosis accounted for a large portion of the variance observed in these traits when individuals were raised under controlled laboratory conditions. Whenever documented, individual variation in growth and development is substantial.
Processes other than growth and development vary among individuals; for example, Bamstedt (1988) , Kleppel etal. (1988) and Rodriguez and Durbin (1992) recorded coefficients of variation in gut fullness that ranged from 35 to 170%, and attributed this variation to asynchronous and intermittent feeding activity. Paffenhofer (1994; see also Paffenhofer et ai, 1995) quantified fecal pellet production as another way to evaluate individual variation in feeding activity and found lower coefficients of variation (usually <30%). Bamstedt (1988) also reported intrastage variation in body length and mass, reproductive parameters (gonad length, egg production) and metabolic activity. Extreme individuals often differed by factors of 4-5 in protein or lipid contents, gonad length and oxygen consumption. Kankaala and Johansson (1986) developed a technique to weigh individual copepods and found high interindividual variation in length-biomass relationships (and thus growth rates). One result of all of these studies is clear: estimates or predictions based on mean values are misleading.
Individual variation in growth (size at molting, stage-specific growth rates) and development can be quantified by measuring naupliar and copepodite exuviae (Twombly and Burns, 1996) . This quantification is an important step towards understanding growth and development, because individual patterns, particularly of growth and especially for naupliar stages, have been impossible to document (e.g. Thompson, 1982; Hart, 1990; van den Bosch and Gabriel, 1994) . Growth and developmental trajectories (Figures 1 and 2) , coefficients of variation and variance components estimates provide convincing evidence that individuals from the same clutch (sibship), raised in identical conditions, vary in age and size at each molt as well as in stage durations and growth rates. Although variance component analysis partitions variance in a trait only among random effects (the effect of diet was not included), it showed that individual differences were often the largest source of variation in either age or size at molting. Thus, 48% (males) and 94% (females) of the variation observed in age at metamorphosis was due to differences between individuals (within the same sibship or family), while 74 and 80% of the variance in size at metamorphosis was due to individual differences. A similarly high proportion of variance in age and size at maturity was due to individual differences. Although diet (food quality) had significant effects on age, size, stage duration and growth rates, almost all of the variation observed was accounted for by individual differences, either among or within families.
Thus, there is considerable evidence that individual variation in diverse physiological and demographic processes is a persistent and widespread phenomenon (Bamstedt, 1988; Carlotti et aL, 1993; this study) . This variation is maintained in controlled laboratory conditions and does not appear to be due entirely to genetic factors (Peterson, 1986) ; it is due in part to the fact that consistently fast and slow developers occur within the same population or sibship (Carlotti and Nival, 1991;  this study), as well as to the fact that some individuals change developmental or growth rates during development (e.g. Peterson, 1986; Carlotti and Nival, 1991;  this study). In B.triarticulata, these options were related to diet. Among individuals raised on CR, there was a significant, positive correlation between age at metamorphosis and age at maturity, reflecting consistently rapid and slow developers, whereas age at metamorphosis was not correlated with age at maturation among individuals reared on C-A, suggesting that rapid early developers slowed later in life. Correlations between size at metamorphosis and size at maturity were negative and insignificant for both diets, suggesting that an early size advantage (or disadvantage) was not maintained, and that growth patterns differed between naupliar and copepodite phases, irrespective of diet. Clearly, individuals from the same clutch, raised under identical (or nearly identical) conditions, do not all follow the same growth 'rules', and rules based on mean values (e.g. Miller et ai, 1977; references in Hart, 1990 ) most likely do not represent what the majority of individuals in a population do. These 'rules' may, in addition, change with food quantity or quality. With techniques to quantify individual growth and development, the resulting variation must be incorporated into our studies of population dynamics, life histories and secondary production. Techniques to quantify growth and development for a single individual over its entire life cycle also provide the data needed to examine and to modify existing 'rules' for copepod growth (see van den Bosch and Gabriel, 1994) .
Long-term demographic studies contribute information that is essential to the evaluation of food quality and its effects on zooplankton population ecology. Previous studies of copepods have shown (i) that some readily ingested algae cannot sustain the growth and development of particular life stages, (ii) ontogenetic differences in assessments of food quality and (iii) species-specific differences in the quality of particular algal foods (e.g. Hansen and Santer, 1995) . Our study reinforces these results and extends them in some interesting ways. First, by measuring individual growth and development of a large number of individuals, we show that some females produce variable offspring, suggestive of a bethedging strategy in response to a variable or uncertain larval environment (Stearns, 1976) . There was often significant variation among families in growth and development, suggesting a genetic basis for some of the variation observed.
Second, our results contribute to gathering evidence that many calanoid copepods, including members of the genus Boeckella inhabiting lakes in New Zealand, are able to ingest, assimilate, grow, survive and reproduce on cyanobacteria when cyanobacteria are ingested along with other algae. This ability is probably not restricted to New Zealand boeckellids (see Santer, 1994) , but the mechanism allowing improved growth or survival on mixed diets containing non-toxic cyanobacteria is still unknown. These studies expand our understanding of copepod ecology, and particularly of the link between short-term feeding behavior and longer-term demographic responses
